RESULTS

Twenty
/s, P < 0.001 for both). Mean follow-up K decreased significantly compared with baseline (1.14±0.10 vs. 1.47±0.19, P < 0.001) for responders. D ratio showed significant positive correlation and high agreement with ADC ratio (r = 0.776, P < 0.001). Likewise, K ratio showed significant negative correlation and high agreement with ADC ratio (r = -0.658, P < 0.001).
CONCLUSION
The new DKI model may serve as a new biomarker for the evaluation of early chemotherapy response in NHL.
provides not only a corrected ADC, but also the excess kurtosis of tissue (15) . It is considered that this new imaging analysis method is more sensitive to reflect the complexity of tissue microstructure than the conventional monoexponential model (16, 17) . DKI has been demonstrated to be of great value when estimating the grading of many diseases, such as brain disorders (18, 19) , head and neck cancers (20) , bladder cancers (21) , prostate cancer (22) , hepatocellular carcinoma (23) , and breast lesions (24) . Considering the microstructure of lymphoma, it is proposed that the non-Gaussian model could be a better predictor for the chemotherapy response in lesions. As far as we know, no data are available regarding the diagnostic value of DKI-derived ADC, corrected diffusion coefficient (D) and kurtosis (K) for examining the response to chemotherapy in lymphoma patients. Hence, the aim of this study is to examine the utility of DKI for assessment of chemotherapy response in non-Hodgkin lymphoma patients.
Methods
Patients
This study was approved by the local institutional review board, and all patients gave written informed consent before the study. Patients with histologically proven cervical non-Hodgkin lymphoma scheduled to receive standard chemotherapy were enrolled. The exclusion criteria were history of previous non-lymphoma malignancy and/or hematologic disorders, contraindications to MRI (e.g., claustrophobia, implanted pacemakers), or not giving consent to the study.
3.0 T MRI examinations were obtained, which included routine sequences along with cine T2-weighted imaging and DKI, at baseline and seven days after chemotherapy onset. Patients underwent baseline MRI and started chemotherapy the next day.
MRI protocol
All subjects underwent a standard scan protocol using a 3.0 T MRI scanner (HDxt; GE Healthcare). A phased-array 8-channel neck coil was used. An axial T1-weighted spin echo imaging was used for routine neck MRI. The parameters included repetition time (TR), 420 ms; echo time (TE), 7 ms; field of view (FOV), 220×220 mm; section thickness, 5 mm; intersection gap, 1 mm; matrix size, 320×152; number of excitation, 1. Subsequently, a free-breathing fat-suppressed single-shot echo-planner sequence was used for the DKI scan with b values of 0, 500, 700, 1200, 1500 and 2000 s/mm 2 , along the three orthogonal axes of the magnet with the following parameters: TR, 5200 ms; TE, 68 ms; FOV, 280×280 mm; section thickness, 3 mm; intersection gap, 1 mm; matrix size, 132×128; number of excitation, 1. In order to achieve the best correlation of morphologic changes between CT and MRI modalities, b value of 0 s/mm 2 was used. Likewise, to ensure a large enough effect on the DWI signal, b value of 2000 s/mm 2 was used (23, 25) .
Image analysis
Two radiologists, with four and 12 years of experience in MRI, blinded to patient's diagnosis (NHL subtype) and the kind of therapy, interpreted both routine MRI and DKI data in consensus. Region of interest (ROI) was placed over lymphoma localization on b=0 images, so as to remain inside the margins of the target lesion in order to ensure the accuracy of measurement.
Both MRI and DKI data were analyzed with Matlab (version R 2011 b; MathWorks). Voxel-by-voxel analysis was used in this program and the multi-b DKI signal intensities (S) were fitted. The following equation was used:
In which b represents b value, D represents ADC corrected for non-Gaussian diffusion behavior and K represents excess kurtosis. Larger K manifests greater deviation from the conventional monoexponential model distribution. A conventional Gaussian distribution model was used to calculate the standard ADC. All b values were fitted and the following equation was used:
The maps of ADC, D and K were outputted through the below calculations. The ADC, D and K changes (ADC ratio , D ratio and K ratio , in %) for each patient at baseline and seven days after treatment onset were calculated using the formula as follows: ADC ratio = (ADC post -ADC baseline )/ADC baseline ×100%; then both D ratio and K ratio were calculated according this formula. Based on the clinical examination, laboratory screening and PET/CT, patients were classified as responders or nonresponders (26) .
Statistical analysis
SPSS for windows (version 19.0; IBM Inc.) and MedCalc for window (version 11.4.0.0; MedCalc Software) were used to analyze the data. Shapiro-Wilk test and quantile-quantile plots were used to test the normality of the data. Normally distributed data are presented as mean ± standard deviation. Differences at baseline and seven days after chemotherapy onset in ADC, D and K were compared using the paired sample t-test. Correlation between parameters was determined by Pearson correlation coefficient and agreement between parameters was examined by Bland-Altman test. A value of P < 0.05 was considered statistically significant.
Results
Between July 2013 and September 2015, 40 consecutive patients who met the inclusion criteria were included in this prospective study. Histologic biopsy was performed to confirm the subtype of lymphoma. Standard chemotherapy with RCHOP (rituximab, cyclophosphamide, vincristine, doxorubicin, and prednisone) was utilized for diffuse large B-cell lymphoma and T-cell lymphoma, and CHOP (all except rituximabe) was utilized for follicular lymphoma. Six patients who needed radiotherapy during chemotherapy were excluded and six patients refused to undergo MRI examination after consenting for the study. In addition, two patients did not complete the treatment schedule due to treatment-induced toxicity and were also excluded. Consequently, a final cohort of 26 patients (14 male and 12 female patients; average age, 48.5±15.3 years) was included in the study. Histologic biopsy revealed the following subtypes: diffuse large B-cell lymphoma (n=20), T-cell lymphoma (n=2), and follicular lymphoma (n=4). There were 24 responders and two nonresponders.
The mean ADC and D values of the responders increased between baseline and follow-up study (P < 0.001, for both), while the mean K value decreased (P < 0.001) (Ta-
Main points
• Diffusion kurtosis imaging can estimate the chemotherapy response in patients with cervical (neck) non-Hodgkin lymphoma (NHL).
• The amplitude of D was positively associated with the amplitude of ADC, while the amplitude of K showed an inverse correlation with ADC.
• The amplitude of D and K may be an alternative tool to ADC for determining the chemotherapy response in NHL patients. ble 1, Figs. 1, 2) . We assessed the change of amplitude between baseline and follow-up imagings (Table 2) .
In addition, D ratio showed significantly positive correlation and high agreement with ADC ratio (r=0.776, P < 0.001) (Fig. 2) . Likewise, K ratio showed significantly negative correlation and high agreement with ADC ratio (r= -0.658, P < 0.001) (Fig. 3) . Fig. 4 shows DKI findings of a patient with large B-cell lymphoma.
Discussion
As far as we know, this is the first study utilizing the DKI model to assess chemotherapy response in patients with NHL. In this study, we successfully used the DKI model to examine the chemotherapy response for NHL and found that changes in the three main parameters (ADC, D and K) showed good correlation with the clinical responses. The value of ADC and D increased significantly after seven days of chemotherapy compared with baseline in treatment responder NHL patients. The value of K showed inverse trend to ADC and D. The amplitude of D change during treatment was positively correlated with ADC, whereas the amplitude of K change showed an inverse correlation with ADC. These parameters reflected the chemotherapy response in a non-Gaussian water diffusion pattern, which is inclined to offer greater sensitivity measuring the complexity of tissue microstructure.
Jensen et al. (15) first reported that the DKI model could better estimate brain tissue characterization because of its greater sensitivity than the conventional DWI in 2005. The DKI model, which is based on a non-Gaussian distribution assumption, is believed to show the true diffusion distribution characteristics of heterogeneous tissue microenvironment, in contrast to the Gaussian model, which is a conventional monoexponential model. The utility of kurtosis modeling for head and neck squamous cell carcinoma has been shown to be feasible and provided a better analysis than did monoexponential modeling (20) . Suo et al. (21) applied the DKI model to assess the histologic grade of bladder cancer and concluded that the DKI model can reflect the diffusion of bladder cancer. In the meanwhile, K may be a new biomarker for grading of bladder cancer. In contrast to conventional diffusion imaging parameters, the DKI derived from non-Gaussian model can better separate high-grade gliomas and Diffusion kurtosis imaging to assess chemotherapy response • 247 primary central nervous system lymphomas (27) . Therefore, the value of DKI model in estimating the stage and grade of different diseases is well established. In our study, we found that in responders, the mean ADC and D increased significantly compared with baseline, and the mean K decreased significantly compared with baseline, which could reflect the chemotherapy response in NHL patients. In our cohort, the ADC values significantly increased by 36.9%±13.8% on day 7 after chemotherapy onset for responders. Others have reported that ADC values in diffuse large B-cell lymphoma patients increased significantly after treatment and concluded that change of ADC might help to estimate the treatment response in lymphoma patients (28) .
Recently, three studies investigated the change in ADC values during chemotherapy treatment of lymphoma. Horger et al. (12) combined ADC values and lesion sizes to estimate the feasibility for wholebody DWI to assess early chemotherapy response in lymphoma patients. Their study demonstrated that the mean ADC value increased for responders whereas lesion size deceased. Wu et al. (29) noted a significantly increased ADC value after one week and two cycles of chemotherapy, which correlated with PET/CT results, as well as the decrease in tumor volume. Paepe et al. (30) evaluated the change of ADC value at two and four weeks during treatment in NHL patients, and the amplitude of ADC at two and four weeks after complete remission and reported that the amplitude of ADC may reflect the response to treatment.
Our current study shows the ability of D and K values to assess the chemotherapy response in NHL patients. Interestingly, we found that the amplitude of change in D values was the highest among three parameters. While numerous factors affect these parameters, it is more accurate to measure tissue diffusion with D value, which corrects the conventional Gaussian diffusion distribution. A possible fundamental reason for this is that DKI model based on non-Gaussian diffusion reflects both tissue diffusion and kurtosis behavior. Compared with ADC and K values, the contribution of diffusivity in D value estimation might be greater. Although it is also influenced by other extracellular factors, K value of tissues has been presumed to represent the direct interaction of water molecules with cell membranes and intracellular compounds (31, 32) . Rosenkrantz et al. (23) used ex vivo evaluation of DKI model to assess hepatocellular carcinoma and presence of treatment-related necrosis, and found that D was greater than ADC. They concluded that the DKI model might potentially provide additional value as a biomarker in hepatocellular carcinoma characterization.
Significant relationships between ADC ratio and D ratio , as well as between ADC ratio and K ratio in NHL patients were observed in our study. The D ratio was positively correlated with the ADC ratio . Meanwhile, the K ratio was negatively correlated with the ADC ratio . Effective treatment for NHL patients reducing the cellularity and disordered vasculature and resulting in an increased amplitude of ADC and D values might account for these relationships. A similar study using the DKI model to estimate the histologic grade of bladder cancer demonstrated that ADC value was significantly higher in low-grade bladder cancer and lower in high-grade bladder cancer, while K value showed an inverse trend (21) .
There were some limitations to our study. First, this was a single-center study with a small sample size. Although we showed that the use of a non-Gaussian diffusion model for assessing the chemotherapy response is feasible, much larger sample size and multiple center studies are needed to investigate the potential outlook of the DKI model to diagnose, stage, and grade NHL. Second, due to the small sample size, this study did not provide a cutoff value for the ratios of ADC, D, and K. Third, no analysis of lesion size or tumor volume was used to investigate the relationship between these three parameters. Horger et al. (12) reported 73% increase in ADC and 15.8% decrease in maximal lesion diameter, as cutoff values for responders at a median of seven days after treatment, based on the response at six months. The clinical utility of the DKI model has formerly been confirmed in vivo for head-and-neck carcinomas and gliomas. Our study was limited to lesions in the neck and lesions in other locations were not included. To the best of our knowledge, this is the first study using the DKI model to estimate the chemotherapy response in NHL patients. The feasibility of whole-body DKI for clinical use should be examined.
In conclusion, the use of DKI model for estimating the chemotherapy response in NHL patients is feasible and may serve as a new biomarker for evaluation of early chemotherapy response in NHL.
